Background-Deep brain stimulation (DBS) of the subcallosal cingulate white matter (SCCwm) or anterior limb of the internal capsule (ALIC) may be effective in treating depression. Connectivity patterns of these regions may inform on mechanisms of action for DBS of these targets.
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DBS; deep brain stimulation; depression; diffusion tensor imaging; DTI; internal capsule; subgenual cingulate; tractography Deep brain stimulation (DBS) is currently being tested as a potential treatment for severe, treatment-resistant depression (TRD) (1) (2) (3) (4) . A previous open-label study reported a 60% 6month response rate with chronic DBS of the subcallosal cingulate white matter (SCCwm) (3, 4) . Acute and chronic antidepressant effects have also been reported with stimulation of other white matter targets, including the ventral most aspect of the anterior limb of the internal capsule (ALIC) (2, (5) (6) (7) and the inferior thalamic peduncle (8) , as well as gray matter targets, including the globus pallidus internus (9) and nucleus accumbens (10) .
It is hypothesized that DBS and other directed brain stimulation therapies (e.g., vagus nerve stimulation and repetitive transcranial magnetic stimulation) exert antidepressant effects via modulation of activity within neural networks responsible for regulating mood and associated cognitive, circadian, and motor functions (11) (12) (13) (14) (15) . Delineation of these networks is not only important for a better understanding of depression pathophysiology but also critical to the refinement and optimization of targeting for DBS and other brain stimulation therapies.
This issue mirrors that previously addressed in the development of DBS for movement disorders where motor circuit characterization directly led to evidence-based selection of several potential DBS targets (7, 16, 17) . Based on clinical trials resulting from this work, stimulation of both the internal globus pallidus and subthalamic nucleus are now standard treatments for intractable motor symptoms in Parkinson's disease (17) , albeit with different side effect profiles (7, 18, 19) .
Compared with the neural systems underlying motor control, where the anatomical and physiological connections of key regions are well-characterized, the neural circuitry involved in depression is less well understood. However, extensive neuroimaging and neuropathological data consistently implicate a common set of cortical and subcortical regions in the regulation of normal and abnormal mood states (20, 21) . Based on these data, putative depression models have emerged (22) with the structural validity for these models derived largely from nonhuman primate tract tracing (23) (24) (25) (26) (27) (28) (29) . Examining the structural validity of these models in human subjects has obvious practical implications for the development and refinement of brain stimulation therapies including differential safety and efficacy.
Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique that exploits the directional dependent diffusion of water molecules in brain white matter, with the principal diffusion direction corresponding to the predominant direction in oriented fiber bundles (30) . By modeling local diffusion properties, it is possible to estimate these directions and to follow them using probabilistic tractography (31) . This method has previously been used to characterize the connectivity of subcortical (31, 32) and brainstem structures (33, 34) , as well as cortical areas (35, 36) , including prefrontal and anterior cingulate cortices (37, 38) .
Pathways traced in this way are reproducible (39) and generally match those identified using postmortem dissection or primate tract tracing (37, 40) . Recent advances in modeling of local diffusion properties allow estimation of more than one fiber direction at each voxel, enabling tracing of crossing fibers (41) ; this is of particular benefit when studying cingulate anatomy, as pathways to and from the cingulate cortex tend to be difficult to trace given the proximity of the corpus callosum and cingulum bundle.
We have previously examined variability along the full extent of the subcallosal and pregenual white matter region to determine variability in connectivity in and around our primary DBS depression study target (42) . In the present study, the structural connectivity (derived from probabilistic tractography of DTI data) of this subcallosal target was compared with that of a second target being investigated for TRD, specifically the ventral aspect of the ALIC (2,5).
Methods and Materials

Tesla DTI Acquisition
Diffusion-weighted images were acquired in 13 healthy subjects (72 × 2 mm thick axial slices, matrix 128 × 104, field of view 256 × 208 mm, giving a voxel size of 2 × 2 × 2 mm) (9 male subjects, 4 female subjects, aged 20 to 36, mean age ~26.7 ± 5.2 years) using a 1.5 tesla (T) Siemens Sonata scanner (Siemens AG, Malvern, Pennsylvania) with maximum gradient strength of 40 mTm −1 . The diffusion weighting was isotropically distributed along 60 directions using a b-value of 1000 smm −2 . A T1-weighted anatomical image was acquired for each subject using a three-dimensional (3-D) fast low-angle shot (FLASH) sequence (repetition time = 12 msec, echo time = 5.65 msec, and flip angle = 19°, with elliptical sampling of k-space, giving a voxel size of 1 × 1 × 1 mm in 5 min and 5 sec). All subjects were right-handed, with no history of psychiatric or neurological disease. Informed written consent was obtained from all subjects in accordance with ethical approval from the Central Office for Research Ethics Committees, United Kingdom.
Diffusion Image Analysis
Diffusion images were processed using Functional MRI of the Brain's Diffusion Toolbox (FDT) (www.fmrib.ox.ac.uk/fsl; Analysis Group, FMRIB, Oxford, United Kingdom) (43, 44) . First, diffusion-weighted, T1-weighted, and Montreal Neurological Institute (MNI) standard brain template images (45) were skull-stripped (46), followed by affine registration (47) to derive transformation matrices among the three spaces. Next, a multifiber diffusion model (41) was fitted that estimates probability distributions of the direction of fiber populations passing through each brain voxel. For each probabilistic diffusion tensor imaging tractography run, 25,000 streamline samples were generated from each seed voxel to build up a connectivity distribution. The number of these samples passing through each brain voxel was interpreted as proportional to the probability of the connection to the seed voxel. By fitting a multifiber model to the diffusion data, pathways were traced through regions of fiber crossing (41) .
Region of Interest Selection
Seed masks ( Figure 1A and 1B, top row) were generated based on the two published white matter DBS targets for depression (3, 5) . All regions of interest (ROIs) were drawn in Montreal Neurological Institute standard space (voxel dimension 2 mm × 2 mm × 2 mm/ total voxel volume of 8 mm 3 ). For the SCCwm target, a right and left 3×3×1 voxel ROI (volume = 72 mm 3 per ROI) was drawn on a single parasagittal image plane. The coordinates for the center of the SCCwm ROI were × = ± 6, y = +26, z = −10, as previously described (3) ( Figure 1A , column 1). For the ALIC target, 3×3×1 voxel ROIs were drawn in the coronal plane, just anterior to the anterior commissure, with the center of each ROI having coordinates of × = ± 12, y = +6, and z = −4 mm, as described by Greenberg et al. (5) . While the ROIs were drawn on different planes (axial vs. coronal), the ROI sizes were identical for both targets. Left and right hemisphere ROIs were pooled for subsequent analyses.
Individual Probabilistic Tractography Maps
For both the SCCwm and ALIC targets, a total of 450,000 streamline samples (18 voxels × 25,000 streamline samples/voxel) were used to generate the corresponding tractography map for each subject. The output of the probabilistic tractography algorithm for a given subject is a map in MNI standard space where the value at each voxel corresponds to the numbers of streamlined samples passing through a given voxel, which is interpreted as proportional to the probability of a connection to the seed target voxel (41) . For each seed target, the groupwise, whole brain streamline intensity map was analyzed to determine the robust mean intensity, which is a mean calculated using only those values that fall within the 5% and 95% areas under the intensity histogram. Each map was smoothed using a 4 mm Gaussian kernel and the resultant image was then further thresholded to exclude outliers, specifically those voxels whose streamline intensity was less than 1% of the robust mean. This method reduces the variability seen with the absolute global mean intensity that can be skewed by the presence of voxels with very low or very high connectivity values (48) .
Population Based Mean Probability Maps
Population probability maps were next derived by overlapping the individual subject probability maps. To generate these mean probability maps, each subject's individual map, after thresholding, was binarized with a voxel assigned a value of either 0 or 1 based on whether or not any streamline samples passed through that voxel in space, thus removing all relative probability information. These individual binary maps were then combined to generate a mean population map. In this new mean map, the value at each voxel represented the number of subjects whose individual probability map shared this voxel. With this binary method, voxels with low connectivity scores that were consistent across subjects were retained. Lastly, this mean population map was thresholded to show voxels common to 75% or more of subjects.
Identification of Common Patterns of Connectivity Between Target Seeds
For each subject and each seed region, whole brain streamline intensity maps were generated as above and then thresholded to exclude outliers, specifically those voxels whose streamline intensity was less than 1% of the robust mean. Each individual's thresholded mean intensity map was then binarized (0 or 1 within a voxel). Lastly, contrasts were generated between these binarized maps to identify voxels both unique and common to the SCCwm and ALIC seeds across all subjects. Specifically, the binarized maps for each seed were summed, resulting in a map with voxels containing 0 (no streams with either target), 1 (unique to ALIC), 2 (unique to the SCCwm), or 3 (common to both targets).
Determination of Direct Connectivity Between SCCwm and ALIC
A final analysis was performed to determine whether a pathway could be traced between the two seeds. First, the SCCwm target was superimposed on the mean tractography map from the ALIC target and vice versa. Second, a restricted seed-to-target analysis, in which only fibers originating from within the seed region and passing through the target regions (in this case SCCwm to ALIC and vice versa) are identified, was performed to further determine the existence of a pathway between the two regions.
Results
Mean Connectivity of Each Target Seed
The SCCwm showed ipsilateral connections to medial frontal cortex, the full extent of the anterior and posterior cingulate, the anterior medial temporal lobe (amygdala-hippocampus), the dorsal medial thalamus, the hypothalamus, and nucleus accumbens (NAcc) ( Figure 1A) . Expected connections to the brainstem were not observed for the SCCwm in the mean connectivity maps; however, at the single subject level, distinct connections to the dorsal brainstem adjacent to the periaqueductal gray were observed in 12 of 13 subjects (see Supplement 1 for example images).
The ALIC seed, in contrast, demonstrated widespread and dense projections to the entire thalamus, hypothalamus and brainstem, frontal pole, medial temporal lobe (amygdalahippocampus), cerebellum, and the NAcc ( Figure 1B ).
Common Connections for Each Target Seed
In general, the two seeds showed discrete connectivity patterns, with limited areas of overlap ( Figure 2 ). Common to both targets were connections to the frontal pole (Figure 2 IIC) , the amygdala/hippocampal complex (Figure 2 IIIA) , hypothalamus, dorsal thalamus, and the NAcc. As the brainstem did not appear in the mean connectivity map for the SCCwm, this region did not appear in this contrast analysis (though, as described above, there are likely regions of overlap in the periaqueductal gray).
Despite these areas of overlap, the pattern of connectivity with these shared regions is largely divergent. For the frontal pole, the majority of fibers projecting from the SCCwm (in blue) travel primarily medially along the forceps minor, whereas the ALIC target fibers (in red) travel more laterally primarily via the anterior thalamic radiation (Figure 2 IIC) . For the amygdala-hippocampal region, both appeared to send fibers through the medial temporal lobe within the uncinate fasciculus, though the apparent projections from the ALIC may represent commissural-hippocampal fibers adjacent to the ALIC (see Discussion). Both targets have connections to the NAcc and hypothalamus (Figure 2 IIB) . Notable is that the ventral-most aspect of the ALIC abuts the caudal-most aspect of the nucleus accumbens. In contrast, the SCCwm connects predominantly to the rostral aspect of the NAcc. Both targets appear to share a common projection to the caudal aspect of the nucleus (in yellow, Figure 2 IIB).
Direct Connectivity Between ALIC and SCCwm
There was no overlap of either seed mean tract map with the other target seed (Figure 3) . Further, the seed-target restricted analysis showed no connectivity between the two seed regions that was consistent between subjects.
Discussion
The primary aim of this study was to determine the patterns of connectivity of two white matter DBS targets currently being investigated for intractable major depression. These results indicate that the connectivity patterns of the SCCwm and ALIC are largely divergent but with some potentially important regions of overlap. Specifically, the SCCwm resides within a highly restricted medial-limbic-striatal network, while the ALIC target exists within a predominantly lateral cortical-thalamic-medial temporal network. Projections from both seeds overlap at the frontal pole, amygdala-hippocampal complex, nucleus accumbens, hypothalamus, dorsal thalamus, and dorsal brainstem, regions previously implicated in antidepressant response mechanisms (49) (50) (51) (52) .
Although both targets appear to project to some identical brain regions, differences in the trajectory of their respective pathways indicate likely differences in overall connectivity. Both targets connect to the frontal pole; however, the SCCwm projections follow a more medial route via the forceps minor, whereas the ALIC projections follow the more lateral anterior thalamic radiations. For the amygdala-hippocampal region, both targets connect to the medial temporal lobe within the uncinate fasciculus. Notably, detailed anatomical studies in nonhuman primates indicate there is no direct connection from the hippocampus to the ALIC target (53) . However, commissural hippocampal fibers do ascend toward the anterior commissure and the base of the fornix, which are directly adjacent to the ventral aspect of the ALIC, likely accounting for the tractography results. Lastly, though both targets communicate directly to the NAcc, the most ventral part of the ALIC directly abuts the caudal aspect of the NAcc, while the SCCwm communicates along tracts terminating at the more rostral NAcc. Based on these combined differences, it seems reasonable to assume that these two white matter DBS targets each exist within separate neural networks (or subnetworks) that include common nodes (e.g., frontal pole, amygdala-hippocampus, dorsal thalamus, NAcc, hypothalamus, and dorsal brainstem).
Anatomically, these probabilistic tractography results are largely consistent with conventional tract-tracing studies performed in nonhuman primates. Tracer studies have shown that subcallosal gray matter regions (BA 25, 32, 24) have strong reciprocal cortical connections with orbitofrontal, dorsomedial prefrontal, and cingulate cortices (including pregenual, midcingulate, and posterior segments) (25, 54) and more sparse connections to dorsolateral prefrontal cortex (23) . Dense subcortical connections with the hypothalamus (55) (56) (57) , ventral striatum (23, (58) (59) (60) , amygdala (56) , and autonomic centers in the brainstem, including the periaqueductal gray, dorsal raphe, and locus coeruleus (56,61), have also been described. Functionally, areas of blood flow and metabolic changes with chronic DBS of the SCCwm in treatment-resistant depressed patients are seen in gray matter structures immediately adjacent to the tract terminations from the SCCwm seed in this study. This suggests expected concordance between anatomical and functional connectivity (3, 22) .
A reproducible connection from the SCCwm to the periaqueductal gray/brainstem was not identified across at least 75% of the subjects, despite the known presence of this connection based on nonhuman primate tract tracing (56, 61) . However, at a single subject level, SCCwm connections to the brainstem were discernible in 12 of 13 subjects (Supplement 1). Because the actual brainstem voxels showing the connection differed from subject to subject, this connection did not survive our more rigorous mean voxel-level thresholding.
Fewer tract studies in nonhuman primates have focused specifically on the connectivity of the ALIC. The connections seen with the ALIC target are consistent with previous reports of connections to the dorsolateral and ventrolateral prefrontal cortex. Recent studies examining fiber paths more specifically of the ALIC (23) reveal a much more complex pattern of connectivity, highly dependent on the rostral-caudal position within the ALIC, consistent with the expected afferents and efferents of the thalamus. Interestingly, we did not identify the predicted anterior cingulate connections with the ALIC target as previously shown in primates (23) . Therefore, we examined subtle variations in ALIC connectivity immediately anterior and posterior to the primary ALIC ROI in a post hoc analysis. Fairly limited connections to the dorsal anterior cingulate were found ~4 mm medial to the initial target but with a more sparse distribution of fibers than seen with the SCCwm seed.
Several methodological limitations must be considered when interpreting these results. First, DTI-based tractography does not have the ability to distinguish between afferent and efferent pathways such that directionality of observed connections cannot be inferred. Therefore, identified patterns of connectivity must be viewed in context of known anatomical directionality analyses performed with specific anterograde and retrograde tracers. Second, there are no empirically validated guidelines on what should be considered a significant connection (i.e., what is the appropriate threshold of probability that should be used to determine a real connection from a spurious one); this limitation also accounts for how our method of thresholding may have underestimated common connections that were present when a less rigorous threshold was applied. Third, ROI size will clearly influence the pattern of connectivity seen with probabilistic tractography. Although the relatively large ROI size in this study (3×3×1 voxels = 6×6×2 mm = 72 mm 3 ) is larger than either surgical target, this likely introduces little bias for the purposes of this study, since the area of effective stimulation from DBS would likely be at least this large (62) . However, this relatively low resolution compared with ex vivo tract-tracing studies does not allow visualization of connections from specific neuronal populations to specific synaptic targets. This issue of resolution also likely accounts for difficulty in distinguishing the precise trajectory of tracts in and around the fornix, nucleus accumbens, dorsal thalamus, hypothalamus, and brainstem, where many converging but functionally distinct pathways likely reside within the same voxels.
Diffusion tensor imaging based tractography is a relatively new and evolving technique, and there is need for further validation studies. To date, there has been encouraging evidence that pathways identified using tractography agree with results based on postmortem dissection (63) and on tracer studies in nonhuman animals (64, 65) . However, there are situations in which tractography can identify spurious pathways or fail to trace pathways that are known to exist (64) (65) (66) . Diffusion tensor imaging cannot currently achieve the level of resolution seen with classic anatomical methods. However, the overall pattern of connectivity can be compared, and DTI currently represents the best in vivo method currently available. For this reason, results from tractography should not be considered as equivalent to those from the gold standard techniques of tract tracing. Future validation studies, in which results from tractography are compared with those from invasive tracer studies across a range of different pathways, will help to clarify the limitations to this technique. However, the lack of ability to perform such detailed in vivo tract-tracing studies in humans hampers attempts to definitively validate DTI-based tractography results.
While larger clinical trials are needed to determine whether DBS at either of these targets is safe and efficacious for the treatment of depression, the current data suggest that these targets do not merely represent serial nodes in a common distributed circuit. Instead, these findings imply that antidepressant effects resulting from DBS at these two targets may be mediated through primary modulation of activity within two distinct neural networks or via secondary effects at regions where there are common connections (frontal pole, medial temporal lobe, dorsal thalamus, nucleus accumbens, hypothalamus, and/or dorsal brainstem). Shared and differential patterns of connectivity may also explain commonalities and differences in efficacy and side effect profiles of stimulation of these two targets, once comparable clinical data are available. Based on published reports, acute stimulation of the ALIC for obsessive-compulsive disorder and major depression reports voltage-dependent gustatory and olfactory sensations, autonomic changes (increased respiratory rate, nausea, sweating), and panic reactions (2,7); neither acute nor chronic SCCwm DBS in depressed patients have been associated with such effects (3, 4) .
By focusing on nondepressed control subjects, this study aimed to define the normal structural connectivity of putative neural networks implicated in depression and antidepressant response facilitated via DBS. Larger studies, including both control subjects and patients, as well as individualized tract analyses in single subjects, will help further clarify commonalities and variability within these networks in humans. Until in vivo methods for tract tracing are available for use in humans, it will be difficult to fully validate these techniques. However, the strong concordance with previous nonhuman primate findings suggests DTI-based probabilistic tractography will play a critical role in delineating these systems. Unique and common projections for SCCwm and ALIC seeds. Areas of overlap (yellow) are superimposed on the mean tract maps for the SCCwm (blue) and ALIC (red 
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